abstract: Endometriosis is a common gynecologic disorder characterized by pain and infertility. In addition to estrogen dependence, progesterone resistance is an emerging feature of this disorder. Specifically, a delayed transition from the proliferative to secretory phase as evidenced by dysregulation of progesterone target genes and maintenance of a proliferative molecular fingerprint in the early secretory endometrium (ESE) has been reported. MicroRNAs (miRNAs) are small noncoding RNAs that collectively represent a novel class of regulators of gene expression. In an effort to investigate further the observed progesterone resistance in the ESE of women with endometriosis, we conducted array-based, global miRNA profiling. We report distinct miRNA expression profiles in the ESE of women with versus without endometriosis in a subset of samples previously used in global gene expression analysis. Specifically, the miR-9 and miR-34 miRNA families evidenced dysregulation. Integration of the miRNA and gene expression profiles provides unique insights into the molecular basis of this enigmatic disorder and, possibly, the regulation of the proliferative phenotype during the early secretory phase of the menstrual cycle in affected women.
Introduction
Endometriosis is a benign, estrogen-dependent disorder associated with pelvic pain and infertility and is characterized by the ectopic distribution of endometrial tissue, primarily on the pelvic peritoneum and ovaries. It occurs in 6 -10% of women in the general population and in 35 -50% of women with pain and/or infertility (Eskenazi and Warner, 1997) . The retrograde displacement of eutopic endometrium into the pelvis and its subsequent implantation on peritoneal surfaces is a leading theory as to the etiology of this condition. A heritable or acquired molecular aberration within the endometrium may impart a selective survival advantage to refluxed endometrial tissue in women predisposed to the development of endometriosis. The identification of molecular differences in the eutopic endometrium of women with endometriosis is an important step toward understanding the pathogenesis of this condition and toward developing novel strategies for the treatment of associated infertility and pain.
Previously, we demonstrated maintenance of a proliferative fingerprint in the transcriptome of early secretory endometrium (ESE) from women with endometriosis, consistent with attenuated progesterone action or progesterone resistance on the part of the endometrium in the setting of endometriosis (Burney et al., 2007) . Functional genomic analysis of ESE revealed a signature of enhanced cellular survival and persistent expression of genes involved in DNA synthesis and cellular mitosis in women with this disorder.
MicroRNAs (miRNAs) are endogenous 22 nucleotide-long, highly conserved, noncoding RNAs which, in general, negatively regulate gene expression. Functional analysis of miRNAs has revealed their significant regulatory influence on the expression of target genes involved in both physiologic and pathologic conditions (Ambros, 2004; Li et al., 2007) . Cell-cycle progression, proliferation and differentiation are among the biologic processes regulated by miRNAs via altered expression of target genes. Our finding of incomplete transitioning from proliferative to secretory phase endometrium in women with endometriosis, as evidenced by dysregulation of numerous genes in the cell-cycle pathway, suggested the potential for miRNA involvement. Consequently, we targeted the early secretory (ES) phase eutopic endometrium from women with versus without moderatesevere stage endometriosis for global miRNA profiling.
Herein, we demonstrate that ESE from women with endometriosis is characterized by a miRNA expression profile that differs from that of healthy ESE. Among the miRNAs underexpressed in ESE in the setting of endometriosis are members of the miR-9 and miR-34 families. Recent studies support direct reduction of target mRNA with antisense complementarity of their 3 0 untranslated region (UTR) to the hexameric 'seed' region of the miRNA (Lim et al., 2005) . The effect of miRNA on mRNA degradation may result in changes to transcript levels detectable by array-based gene expression analysis. By using the same RNA specimens that were used in our previously reported gene expression analysis (Burney et al., 2007) , the current study provided the opportunity for parallel miRNA-mRNA expression profiling in the identification of molecular dysregulation. These findings highlight new candidates within an emerging dimension of genetic regulation that may be involved in the incomplete transitioning of ESE in women with endometriosis.
Materials and Methods

Human subject characteristics
All patients included in this study provided informed consent for participation under a protocol approved by the University of California, San Francisco, Committee on Human Research and the Stanford University Committee on the Use of Human Subjects in Medical Research. Samples were obtained through the UCSF NIH Human Endometrial Tissue and DNA Bank. Endometriosis is a phenotypically heterogeneous disorder and the inaccuracy in its visual diagnosis, particularly in cases of minimal/mild stages, is well documented (Marchino et al., 2005) . Accordingly, endometrial biopsies were obtained from women with histologically confirmed, moderate-severe endometriosis at laparoscopy (n ¼ 4) and from women found to be free of endometriosis at surgery (n ¼ 3). Moderate -severe endometriosis (Stage III-IV disease) was defined in accordance with the Revised American Fertility Society (rAFS) classification system. All subjects were normo-ovulatory with regular menstrual cycles, were between the ages of 23 and 50, and had not received steroid hormone medications within 3 months of endometrial sampling. Women without endometriosis at surgery were undergoing hysterectomy for uterine leiomyomata, none of which were submucosal in location. Review of pathology reports revealed no evidence of inflammation within the endometrium of women without endometriosis. Samples were collected using a Pipelle catheter or curettage. Endometrial biopsies were dated as ES (days 15 -18) by menstrual dating and by histologic dating according to the Noyes criteria (Noyes et al., 1975) upon independent review by up to four pathologists. Importantly, the total RNA samples used in this study were the same as those used in our previous reported global gene expression profiling study (Burney et al., 2007) with the exception of one sample in each group (607 and 389). These substitutions were necessary due to the lack of available RNA from two specimens analyzed in the prior study. The clinical data of samples used for miRNA profiling is provided in Table I .
RNA isolation and miRNA microarray analysis
Total RNA from whole endometrial specimens was isolated using Trizol reagent (Invitrogen) as described previously (Burney et al., 2007) . Immediately prior to sample inclusion in the miRNA microarray analysis, the quality, yield and size of the miRNA fractions were validated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Foster City, CA, USA). The nanodrop instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to verify minimal contamination from protein (ratio abs260/abs280) and from organic compounds such as Trizol (ratio abs260/abs230). Following validation of RNA sample quality, two micrograms of total RNA from each sample and from common reference pooled samples were labeled with Hy3 TM and Hy5 TM fluorescent label, respectively, using the miRCURY TM Labeling kit (Exiqon, Vedbaek, Denmark) following the procedure described by the manufacturer. The miRPlus sequences not yet annotated in miRBase. Each sample was evaluated in duplicate. Microarray slides were scanned using the Agilent G2565BA Microarray Scanner System (Agilent Technologies) and image analysis was carried out using the ImaGene 7.0 software (BioDiscovery, Inc., USA). Signal intensities were normalized using the global Lowess (LOcally WEighted Scatterplot Smoothing) regression algorithm. Analysis was performed using the log2 of the background-subtracted, normalized median spot intensities of ratios from the two channels.
miRNA real-time PCR
For validation of microarray data by real-time PCR, cDNA was synthesized from total RNA using commercially available miR-specific (for miR-34c-5p, miR-34b* miR-9, and miR-9*) or endogenous control-specific reverse primers according to the miRCURY LNA TM microRNA PCR System protocol instructions (Exiqon). Each reverse transcriptase (RT) reaction contained 10 ng of RNA samples, 2 ml of specific RT primer, 1Â RT buffer, 500 mM of dNTP mix, 20 U of RT enzyme and 10 U of RNase inhibitor (all included in First-Strand cDNA Synthesis kit), with total volume of 10 ml. Reactions were incubated in Mastercycler gradient (Eppendorf, Hamburg, Germany) for 30 min at 508C, followed by heat-inactivation of RT for 10 min at 858C and held at 48C.
Real-time PCR was performed using the Stratagene Mx3005 system (Stratagene, La Jolla, CA) with 20-ml PCR reaction mixture including 4-ml RT product, 1Â SYBR Green Master Mix and 1 ml of LNA TM micro-RNA primer and Universal primer and 4-ml nuclease-free water (Exiqon). Reactions were incubated in a 96-well optical plate at 958C for 10 min, followed by 40 cycles of 958C for 20 s and 608 for 1 min with subsequent melting curve analysis. Expression of target miRNAs was normalized to the levels of an endogenous standard housekeeping miRNA, miR-5S. The variability of miR-5S expression was low and not significant. The expression of each miRNA relative to 5S miRNA was determined using the 2 2DCT method (Livak and Schmittgen, 2001 ). Data are presented as fold change relative to the control group. Nonparametric MannWhitney U-test was used for statistical evaluation of miRNA expression differences with significance accepted at P-values 0.05.
Pathway analysis
Previous global gene expression data comparing endometrium from women with versus without moderate -severe endometriosis identified a number of differentially expressed genes in the ESE (Burney et al., 2007) . This list of genes was compared with the list of TargetscanS (Lewis et al., 2005) predicted gene targets of the three miRNAs (miR-9, miR-34b* and miR-34c-5p) validated to be differentially expressed in the current study. The union of these gene lists was analyzed for biologic pathway relationships using Ingenuity Pathway Analysis software (IPA, version 7.5, Ingenuity Systems, Redwood City, CA). This platform provides a literature-curated analysis of networks, canonical pathways and biological processes involved in gene expression data. An association between predicted miRNA gene targets and biologically relevant pathways identified by this analysis was deemed statistically significant at a P-value of ,0.05.
Results
A total of six miRNAs were differentially expressed with a fold change of .1.5 and a false discovery rate of ,0.05 in the ESE from women with versus without endometriosis. Down-regulated miRNAs included miR-9, miR-9*, miR-34b*, miR-34c-5p, miR-34c-3p and the unannotated miRPlus_42 780. MiR-9 represented the most significantly dysregulated miRNA (P ¼ 0.0032). The majority of miRNAs were unchanged or not expressed in endometrium, in agreement with the previous data demonstrating spatiotemporal-specific expression of a high percentage of miRNAs. Unsupervised hierarchical clustering analysis was conducted using the miRNA expression profiles of the seven endometrial samples (four with endometriosis and three without endometriosis) based on the combined list of miRNAs showing differential expression in the ES phase of the menstrual cycle (Fig. 1) . The samples demonstrate self-segregation into normal and disease clusters with the exception of the endometrial specimen obtained from subject 489, which clustered with specimens taken from women without endometriosis. Subject 489 was a 39-year-old woman noted to have leiomyomata at surgery and was the only subject in the endometriosis cohort who was not affected with an endometrioma. Variables correlating with segregation of this specimen with those of the no endometriosis cohort include older subject age, presence of intramural/subserosal leiomyomata and absence of ovarian endometriosis/endometrioma.
To validate our array expression findings, four of the six differentially expressed miRNAs (miR-34c-5p, miR-9, miR-9* and miR-34b*) were chosen for quantitative real-time PCR (qRT-PCR) analysis (Fig. 2) . The trends for down-regulation of miRNA expression were consistent in all four qRT-PCR measurements, and significant for three of the four miRNAs (miR-34c-5p, miR-9 and miR-34b). MiR-9* did not demonstrate statistically significant difference in expression between ESE from women with versus without endometriosis (Table II) .
We previously reported significant dysregulation in gene expression signatures during the proliferative, ES and mid-secretory phases of the menstrual cycle in the endometrium from women with versus without endometriosis (Burney et al., 2007) . Of the three phases of the menstrual cycle investigated, the ES phase involved the greatest Figure 1 Unsupervised hierarchial clustering of differentially expressed miRNAs in ESE from women with versus without endometriosis (fold change of !1.5).
number of statistically significant and differentially expressed genes, with 747 up-regulated and 1741 down-regulated with fold change of !1.5 and P 0.05. The complete gene lists for all cycle phases in women with disease versus no disease are published as supplemental data on The Endocrine Society's Journals Online website at http://endo.endojournals.org. The data were submitted to the Gene Expression Omnibus database under the identifier GSE6364.
To explore the biologic relationship between the differentially expressed messenger-and miRNAs identified in our analysis of ESE from women with versus without endometriosis, we performed in silico analysis using the TargetScanS algorithm (Lewis et al., 2005) for identification of predicted messenger RNA targets for each of the three miRNAs that we identified and validated to be significantly differentially expressed. Predicted mRNA gene targets of each miRNA were then cross-referenced against the 2488 genes that we found to be differentially expressed between normal ESE and that from women with endometriosis in our microarray gene expression study (Table III and for full lists see supplementary table) . Of interest is the finding that the down-regulation of several miRNAs correlated with the up-regulation of cell-cycle target genes, which may contribute to the maintenance of the proliferative fingerprint in ESE from women with endometriosis.
A total of 156 mRNA genes were both differentially expressed between endometrium from women with versus without endometriosis and predicted mRNA target genes of differentially expressed miRNAs (miR-9, miR-34b* and miR-34c-5p). Forty-seven of these genes were eligible for analysis of network relationships using Ingenuity Pathway Analysis software (IPA version 7.5, Ingenuity Systems, Redwood City, CA). This analysis generated a network most significantly associated with the biological processes of cell death, cell cycle and cellular assembly and organization and the canonical pathways of molecular mechanisms of cancer, semaphorin signaling in neurons and cell-cycle regulation (P , 0.05). Eighteen of the 47 genes (38%) were represented in this network, each demonstrating statistically significant association (P , 0.05), and included cell-cycle genes CCNE, CCNE2, CDK4, CDK6, CDC25A and the anti-apoptosis gene, BCL2.
Discussion
Previously, we reported differences in the global gene expression profile of endometrium from women with versus without surgically confirmed moderate-severe endometriosis. Evaluation of the transcriptome differences were most striking in the ES phase, during which incomplete transitioning from the proliferative to secretory phase was observed on a molecular level in women with endometriosis. Interestingly, genes related to the biological processes of cell cycle and DNA replication were enriched in the profile of dysregulated genes. Given their central role in the regulation of processes such as cellular proliferation, miRNAs are biologically plausible contributors to the maintenance of the proliferative fingerprint in ESE of women with endometriosis. To our knowledge, this study is the first to evaluate the cycle phase-specific differential expression of miRNAs in the eutopic endometrium from women with and without endometriosis, and integrate the findings with the gene expression signature from the same specimens.
Our array-based global miRNA profiling demonstrated differential expression of two miRNA families, miR-9 and miR-34, in the ESE of Data are presented as fold change of expression in eutopic endometrium from women with endometriosis relative to expression in endometrium from women without endometriosis after normalization to miR-5S. For comparative analysis, the expression values for each miRNA were set as 1 in ESE from women without endometriosis. Significant fold changes are marked by *P ¼ 0.05; **P , 0.05. Data are mean + SEM.
women with endometriosis. Both the 3 0 -end (miR-9) and 5 0 -end (miR-9*) forms of miR-9 were down-regulated in the ESE of women with endometriosis. MiR-9 represented the most significantly dysregulated miRNA in our microarray data set, and qRT -PCR revealed a 25-fold reduction in miR-9 in the setting of endometriosis. In the human genome, three distinct genes encode different primary miR-9 transcripts (pri-miR-9) generating identical mature miR-9. Among the predicted mRNA targets of miR-9 is BCL2, a gene encoding an anti-apoptosis protein found to be over-expressed in the ESE from women with endometriosis in our transcriptome study. Downregulation of miR-9 and miR-9* has been reported in clear cell and endometrioid histotypes of ovarian cancer, for which patients with endometrioma are at increased risk (Iorio et al., 2007) . MiR-9 was the most significantly down-regulated miRNA in a study of recurrent versus primary ovarian cancers (Laios et al., 2008) . Further integration with transcriptome findings suggested a tumor suppressor role for miR-9 and the reliable confirmation of its deregulation in training cohorts suggested utility as a biomarker for recurrent ovarian cancer.
Three down-regulated miRNAs were members of the miR-34 family. Functional studies have concluded miR-34b and miR-34c to act as mediators of p53-dependent suppression of proliferation (Corney et al., 2007) . Hexamer analysis of these down-regulated miRNAs against the cohort of up-regulated genes in the mRNA profile demonstrated enrichment of predicted target genes involved in the cell-cycle pathway. The down-regulation of miR-34c and miR-34b in the ESE of women with endometriosis may be involved in the maintenance of the proliferative fingerprint observed in our transcriptome analysis.
It is important to recognize that the relationship between the expression of miRNA and the expression of target genes is complex and evolving. Most miRNAs are thought to repress expression of target genes by post-transcriptional repression or degradation of transcripts. This would suggest an inverse relationship between miRNA and target gene mRNA expression. However, translational activation of target genes by miRNAs has also been reported (Vasudevan et al., 2007) , rendering the relationship between miRNA and mRNA less generalizable. Equally important to recognize is the putative nature of the relationship between miRNA and mRNA expression, as this relationship is currently more based on computational biology than experimental validation. Several algorithms designed to predict target genes of miRNA sequences exist, each predicated on the degree of sequence complementarity between the miRNA and a target UTR. On the basis of these computational algorithms, each miRNA is predicted to regulate an average of 200 genes (Krek et al., 2005) . Several or even multiple miRNAs, including ones without significant changes in the expression level, may share target genes in a given cell or tissue, thereby adding to the complexity of proposed relationships between miRNA and mRNA expression.
Hierarchial clustering of differentially expressed miRNAs in ESE samples showed segregation not only by endometriosis status, but also correlated with the presence of leiomyomata. All women in the no endometriosis cohort and one in the affected cohort (subject 489) were found to have leiomyomas at surgery. Importantly, none of these leiomyomas was submucosal in position, as this was a contraindication to study inclusion and confirmed upon review of operative reports. Endometrial HOXA10 and HOXA11 gene expression was reported to be significantly decreased in endometrium from women with submucosal leiomyomas but unchanged in women with intramural leiomyomata (Rackow and Taylor, 2008) . While a recent microarray study demonstrated that intramural leiomyomas may alter the expression pattern of some endometrial genes, those involved in implantation were unaffected (Horcajadas et al., 2008) . This is corroborated by our work with cultured endometrial stromal fibroblasts from women with intramural fibroids revealing normal decidualization after exposure to decidualizing stimuli (Aghajanova et al., 2009) . Global miRNA profiling of leiomyomas versus matched normal myometrium revealed differential expression of a number of miRNAs , yet none of these were common to those found to be dysregulated in the current study. Collectively, these lines of evidence suggest that intramural leiomyomata are unlikely to affect the endometrial miRNA profile observed in the current study. These were identified by cross-referencing the predicted mRNA gene targets of each miRNA against the gene transcripts that were found to be differentially expressed in endometrium from women with versus without moderate -severe endometriosis in previous global gene expression analysis (Burney et al., 2007) . More plausible in the explanation of the clustering profile of specimens by differential expression of miRNAs are the variables of subject age and/or presence of endometrioma. Though clinical studies involving a donor oocyte model suggest that endometrial age is not as significant a factor as oocyte age in determining fertility, experiments using a mouse system support age-related changes in cycling endometrium (Archer 2008) . More recently, HOXA10 gene expression was demonstrated to be inversely related to uterine age in women (Fogle et al., 2009) . These studies highlight a potential role for patient age in endometrial molecular expression signatures. Interestingly, the endometrial specimen from the subject with endometriosis, which clustered with the normal cohort, was the only endometriosis subject without endometrioma(s) present at surgery. In view of the molecular data demonstrating that miR-9 is deregulated in endometrioid ovarian cancer (Laios et al., 2008) and clinical data suggesting an increased risk of endometrioid ovarian cancer in women with endometrioma (Korner et al., 2006) , the miRNA-based clustering of endometrial specimens by endometrioma status may be reflective of fundamental differences in endometrial biology.
The current study is strengthened by the stringency of the surgical confirmation of presence or absence of disease and by the inclusion of only biopsy confirmed, moderate-severe (rAFS III -IV) stage endometriosis among the affected cohort. Additionally, our study is strengthened by the use of microarray technology employing locked nucleic acid (LNA) probes. Mature miRNAs are approximately 22 nucleotides in length, and this short length presents problems of specificity in their detection and localization. Microarray analysis using LNA probes allow very sensitive detection of these short-coding sequences (Neely et al., 2006) .
In contrast to the current study, the differential expression of miRNAs in eutopic compared with ectopic endometrium has been evaluated by two studies previously (Pan et al., 2006; Ohlsson Teague et al., 2009) . These studies highlight molecular pathways that may be associated with the development of endometriosis as well as the changes in expression signature that exist in ectopically located endometrial tissue. Decreased expression of miR-34c was observed in ectopic versus eutopic endometrium in the study by Ohlsson Teague et al. Our study focused on the differences in miRNA expression in eutopic endometrium from women with versus without endometriosis matched for a specific cycle phase, and this focus may explain the comparatively finite number of dysregulated miRNAs observed herein. Functional relationships between differentially expressed miRNAs and putative mRNA targets and their cellular co-localization require further study.
In summary, we report for the first time an integrated transcriptome-miRNA analysis of eutopic endometrium from women with versus without endometriosis, identifying potential miRNA mediators in the delayed proliferative to secretory transition of endometrium observed in women with advanced endometriosis. These data illustrate an altered miRNA expression profile in women with endometriosis, and provide candidates within a novel layer of genetic regulation in the pathogenesis of this enigmatic disorder.
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